
ABOVE THE GROUND PLANE 



by Ed Nisley 



Battery Capacity 



You can't do much to improve battery design. You can, however, do your best to understand 
their chemistry, how they worl<, and how they behave under various loads. Ed focuses on the 
discharge portion of the tmtteryc^e. 



w. 



e devote rapt attention to the 
circmtry and software in electronic 
devices, because that's the "fun stuff" 
we enjoy working with. Unfortunate- 
ly, batteiies form the weak link in 
most gizmos: without batteries, noth- 
ing else works! Even with the best 
Iteiftferies inside, the device's run time, 
perfortnance, and cost may not reach 
your expectations. 

While we can't do much to improve 
battery design, we can make the best 
of what's available. That often 
requires looking beyond the facts that 
everyone knows to find the truth of 
the matter, so I'll take a detailed look 
at the sometimes surprising perform- 
ance of common batteries. I'll concen- 
trate on the discharge part of the bat- 
tery cycle in this column and save 
charging for the April issue. 

ALKALINE AA: THE BASICS 

Alkaline AA cells are the ones 

everybody loves to hate, because 
they're good enough and cheap 
enough to make everything else look 
bad. Indeed, a device powered by AA 
alkaline cells can run on power 
bought in any open-air, dirt-floor mar- 
ket in the world. Try to find a fancy 
Uthium-ion photo battery in the same 
place, let alone compatible AC for your 
recharger, and you'll get the message. 

Figure 1 shows the discharge curves 
for four brand-name alkaline cells 
from the same lot. The graph shows 
the relation between the cell voltage 
(on the vertical axis] and ttie ciunula- 
tive energy :drawn from it (on the 



horizontal axis). 

Fox example, the top curve shows 
that a 100-mA load will initially see 
about 1.6 V, which then stabilizes 
around 1.1 V during the middle of the 
curve and then drops abruptly after the 
battery has delivered about 2.2 A h. 
The test ended at 0.4 V after 2.5 A h. 

The horizontal axis uses ampere- 
hour xmits, rather than time, to sim- 
plify energy comparisons. My battery 
tester applies a constant-current load 
and records the voltage as a function 
of the elapsed time in seconds, so the 
conversion is: 



Ah = 



amperes x seconds 
3,600 



Converting units in the other direc- 
tion is equally easy: a cell that deliv- 
ers 2.5 A-h at 100 mA lasts for: 



25 h. 



2.5 Ah 
0.1 A 



That's 90 kiloseconds, if you prefer 
hard metric units, and should give . 
some indication why I don't present 
discharge curves for lower currents. 

The lower trace shows that alkaline 
cells behave poorly hi M^-current 
devices: a 1-A load draws about 0.8 A-h 
from the cell, only a third of the energy 
delivered during die ibO-mA test. An 
alkaline cell would last only 0.8 h or 
48 min. in that application! 

The endpoint voltage depends on 
your gizmo's specifications. I chose 
0.4 V to draw the maximimi energy 
from the cells, but a device requiring a 
higher wltage will draw less energy 



from the cell before failing. 

A 0.8-V endpoint delivers nearly the 
same 2.5 A-h at 100 mA, but only 0.3 A-h 
at 1 A. The unwary designer who 
asstmies a "1.5 V" alkaline cell will be 
all used up at 1.0 V is in for a rude 
surprise: at 1 A, the cell fails in 6 min. 
after delivering just 0.1 A-h! 

Fairly obviously, alkaline cells work 
best in low-current devices that must 
operate for prolonged periods, particu- 
larly at room temperature. As you'll 
see, they have a surprisingly high 
capacity compared to more modem 
technologies. 

Incidentally, the obvious glitches in 
Figure I's brown 250-mA trace came 
from a failing alligator clip. I used 
heavy-duty bulldog clips or crimped- 
and-soldered connections for the 
remaining tests and had no further 
troubles. My West Mountain Radio 
Computerized Battery Analyzer has 
excellent, low-resistance Anderson 
Powerpole connectors, but the battery 
termination is obviously out of their 
control. 

NiMH: THE CONTENDER 

Alkalines have the severe disadvan- 
tage that they're primary, non- 
rechargeable cells. Nickel-metal 
hydride cells, the next step up, are 
secondary cells that can be recharged 
"up to 1,000 times!" At least, that's 
what the ads claim, anyway. The reali- 
ty Is that NiMH cells have their own 
set of trade-offs. . 

Figure 2 shows discharge curves for 
a single 2 A-h AA cell at the same 
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scale as Figure,!. Two essential facts 
stand out: lower overall energy 
capacity and better high-current per- 
formance! 

Although the cell delivered nearly 
its total rated capacity at lower dis- 
charge rates, it may come as a surprise 
that even high-capacity NiMH cells 
dehver less total energy than cheap, dis- 
posable alkaline cells. Hie 100 inA trace 
in Figure 2 seems low, although that 
may be a slight variation in the starting 
charge level. Well see an example of 
that with a NiCd cell later on. 

I stopped the NilVIH tests at 0.9 V, 
rather than 0.4 V, because that's the 
recommended per-cell endpoint volt- 
age for multi-cell packs. Although you 
can discharge single cells to lower 
voltages, the shape of the curves 
shows that you don't get that much 
additional energy. Worse, over-dis- 
charging a pack can ruin it, as you'll 



also see later in this column. 

A cell's high-current performance 
obviously depends on its intiemal 
resistance. Thiat value doesn't appear 
on the label, but you can get a good 
approximation to a cell's internal 
resistance by measuring its terminal 
voltage at different currents. The 
internal resistance generally increases 
as the cell discharges, which metms 
you get lower output voltage for a 
given current over the life of the cell. 

For example, the aUcaUae c^ls in 
Figure 1 have an initial internal resist- 
ance of: 



0.4 = 



1.55 - 1.15 V 



0.1 - 1.0 A 



At the endpoint of the 1;0-A cuirent 
curve, ^e resistance has doubled to: 



0.8 Q. 



1.2 - 0.5 V 
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Figure 3— Two older lithium-ion batteries for my Sony DSC-F505V camera 
produce a "Low Battery" warning almost instantly. Two traces for pack C show 
the high internal resistance. The voltage axis covers a difterent range than the 



0.1 - 1.0 A 

The NiMH cell 
shows internal resist- 
ances of 0.2 and 0.3 Q 
under similar condi- 
tions. Note that the 
NiMH cell delivers 
more total energy than 
the alkaline cell at 1 A, 
despite the higher end- 
point voltage, in con- 
trast to its p^onnance 
at lower current. 

Cells also display an 
AC impedance that 
may be much higher 
than the resistance in 
applications that deliv- 



er AC power. If you're designing RF 
transmitters, in particular, pay atten- 
tion to supply decoupling and filter- 
ing, because batteries ^e ddinitely 
not perfect voltage sources. 

A cell's energy capacity is denoted 
as "C" (not to be confused with C-size 
cylindrical cells) and cell currents are 
generally given as fractions or multi- 
ples of that numerical value in 
amperes. A 1-A discharge current is a 
"C/2" rate for those NiMH cdls and 
slightly less for the alkalines. 

As a rule of thumb, charge or dis- 
charge currents exceeding C/2 require 
careful consideration of temperatures, 
voltages, and external circuitry to pre- 
vent damage. In any event, alkaline 
and NiMH cells have sufficiently hi^ 
internal resistance to prevent dis- 
charge currents much beyond 2C, at 
least for non-pulsed applications. 

Wh^n you're using loose AA cells 
in a high-power system, you must also 
consider the current-carrying capacity 
of the battery contacts and the inter- 
connections, as I discussed back in my 
June 2002 colunm ("Invisible Compo- 
nents," Ciicait Ceilax 143). 

UTHiUM ION: THE PRETENDER 

Figure 3 shows discharge curves for 
four lithium-ion battery packs that fit 
my old Sony DSC-F505V camera. The 
two oldest batteries (with two sub-AA 
Li-Ion cells in parallel) produced the 
lowest curves and, because the camera, 
determines the rerAaining charge by 
measuring the terminal voltage, they 
provide only a few minutes of SCTVice. 



www.circuitcellar.coin 



CIRCUIT CELLAR* 



Issue 199 February 2007 63 



The other two batteries are 

newer and deliver their 
rated 1.1 A h capacity even 
at a C/2 discharge. In actu- 
al use, they last for perhaps 
45 min., which simply 
shows that the camera 
really needs a highei-ci^sac- 
ity battery. 

Indeed, my next-gen«a- 
tion Sony DSC-717 camera 
has a much larger battery 
pack that powers it for 3 h, 
despite a nearly identical 
1.2-A-h rating. The differ- 
ence is that the 717's bat- 
tery has two Li-Ion cells in 
series to provide 7.2 V. 
Assoming that the two 
cameras have roughly 
equivalent power consumption, the 
newer pack can supply half the cur- 
rent and, thus, should last more than 
twice as long. 

I'm reluctant to abuse these packs, 
as genuine Sony NP-FSll packs cost 
upwards of $50, but the middle trace 
in Figure 3 shows the result of a C/1 - 
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Figure i—Sub-C nickel-cadmium cells have lower energy storage than AA NiMH cells, 
despite being physically larger Their lower internal resistance provides ooim^miSn^y 
higher current capacity, making them valuable tor niche applications. 



1 A discharge applied to pack C. It 
delivers nearly its rated capacity, but 
its internal resistance near the middle 
of iJie curves works out to: 



0.4 £2 = 



3.6 - 3.4 V 



0.5 - lA 
Note that the curves aren't ^mOSm^ 



larly flat, showing that the 
voltage changes dramati- 
cally as the battery dis- 
charges. I decided not to 
perform a 2C test, because 
the C/1 discharge heated 
the pack more than I 
expected. 

Note that Li-Ion cells 
provide a third of the ener- 
gy of alkalines and half 
that of NiMH, at least for 
low currents, despite 
being roughly the same 
size and shape as two AA 
cells. Lithium cells have 
higher energy density on a 
weight basis, but their key 
advantage is their ability 
to be shaped into flat 
packs or formed around internal com- 
ponents, a trick that's not feasible 
with loose cells. 

Ni-Cd:THE POWERHOUSE 

Nickel-cadmium cells, formerly the 
mainstay of portable devices, now 
appear cmly in ia^-pcmm, lugh-cuiieat 
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portable power tools. The 
reasorijiSiSirnple: the only 
advantage NiCd cells have 
over the competition is 
lower internal t^jksmcit. 
In all other measures, 
notably energy density and 
toxicity, they fall short. 

Figure 4 shows discharge 
curves for a single sub-C 
NiCd cell. I used the same 
axes as in Figures 1 and 2 
to highhght the differ- 
ences, but with niuch. 
higher (Uncharge rates. 

. At 0.5 A»h the internal 
resistance is aboiit: 



0.06 Q. 



1.22 - 0.99 V 



0.8 - 4.8 A 



MCd 





Figure 5— TTie test dedine at the end of the bfue trace Mows one cell discharging 
through V. The abruf^ drop in the purple trace shows that cell was not fully rechaiged. 
The eight best , ceh worked flne, ttm^, as shown in the brown trace. 



That's a quarter of the NiMH resist- 
ance and nearly an order of magni- 
tude less than alkalines! The resist- 
ance increases only slightly during 
the entire discharge cycle, so the 
cells can deliver consistraitly high 
current. 

Because this sub-C cell is physical- 



ly larger than the AA cells that pro- 
duced Figures 1 and 2, the lower 
resistance has two components: a 
larger electrode area and different 
chemistry. However, if you're design- 
ing a gizmo that' must use NiCd cells, 
you'll probably need larger cells to 
get enough capacity, which wilj per- 
mit even higher discharge rates. 



Because of their low 

internal resistance, NiCd 
battery packs can produce 
staggeringly high short-cir- 
cuit currents: circuit 
breakers or fuses aren't just 
a good idea, they're essen- 
tial! Pay attention to the 
cell connections within the 
battery to reduce the risk 
of inter-cell shorts. 

Outside the pack, ordi- 
nary spring-contact battery 
compartments may not 
have the low and consis- 
tent resistance required to 
deliver high current to the 
Idad. Even at the relatively 
low 4.8 A I used, two bull- 
dog clips can drop 100 mV: that's 10% 
of one cell's contribution to the pack's 
output! High-pressure sHp-fit connec- 
tors provide low resistance while 
requiring careful attention to mechan- 
ical design. 

PACKS: DEATH THROES 

Connecting several cells in serieis 
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inside a battery pack provides higher 
voltage and delivers more power at 
the same current. The pack's total 
energy is the sum of the individual 
cells, but it has the same A-h rating 
as each cell because the same cur- 
rent passes through each one. 

All of the cells in a pack should be 
identical, but in real life that does 
not happen. Figure 5 shows the death 
of a battery pack yffhm the weakest 
cell fails. 

The pack was a watertight case 
containing 10 1.6 A h sub-C NiCd 
cells with an integral C/2 charger. It 
was a "New- Old Stock" surplus item 
that had been built for a failed prod- 
uct line and, presimiably, never used. 
I figured out how the charger 
worked, charged the pack, and then 
measured the pack's performance. 

The blue trace seems normal out 
to about 1.1 A-h, at which point one 
of the cells was completely dis- 
charged and its voltage dropped to 
zero. Almost immediately another 
cell discharged and, with two dead 
cells, the pack reached 9.0 V and the 
test ended. The pack delivered some- 
what less than its rated 1.6 A-h, but 
with at least one weak cell, it's in 
bad shape. 

The purple trace shows the result 
after recharging the pack. Hie weak- 
est cell evidently did not receive a 
full charge and dropped to V 
almost immediately. For the remain- 
der of the test, that cell was "reverse 
charging" and producing hydrogen 
gas. NiCd cells can contain a limited 
amount of hydrogen gas under those 
conditions and it probably didn't 
vent the gas into the sealed enclosure, 
but you shouldn't treat your batteries 
hke that. I terminated the test at 10 V, 
a more conservative 1 V/cell value, 
because I wanted to prevent any fur- 
ther damage. 

I removed the two weakest cells 
and the charger, manually charged the 
remaining eight cells, and the brown 
trace shows that they work fine with 
about 1.4 A-h of energy. Because NiCd 
cells improve after a few charge-dis- 
charge cycles, these cells will play 
nicely together as a 9.6-V pack pow- 
ering the HT on my bike. 

Contrary to what you might think, 



the weakest cell isn't dead and, in 

fact, produced Figure 4. Its first solo 
charge cycle, though, was a bit of a 
challenge, but that's a subject for die 
next coluxon. 

CONTACT RELEASE 

I produced the discharge curves 
for this column with a West Moun- 
tain Radio Computerized Battery 
Analyzer (CB A). It's basically a 
power FET mounted on a fan-cooled 
heatsink, a voltmeter, and an anmie- 
ter, all USB-interfaced to a logging 
program. I wish it had Kelvin voltage 
sensing and a Linux driver, but it 
works well enough. 

The CBA records one data point 
per second, producing huge files that 
choke spreadsheet programs. I used 
Gnuplot to produce these graphs, 
with Bash scripts feeding it the com- 
mands for each figure. The details 
are in this column's downloadable 
files, ffl 

Ed Nisley is an EE and author in 
Poughkeepsie, NY. You may contact 
him at ed.msley@ieee.oig with 'Cir- 
cuit Cellar" in the subject to avoid 
spam filters. 



PROJECT FILES 



To download the Graphs, Gnuplot 
scripts, etc., go to ftp://ftp.circuitcel- 
lar.com/pub/Circuit_Cellar/2007/199. 
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Exhaustive NiCd information., www. 
rcbatterycliniccom/seminaz^tim. 

Excellent battery comparison, 
www.buchmann. ca/Article4-Page 1 . 
asp. 



SOURCES 



GnuPlot 

http://gnuplot.info/ 

Anderson PowerPoles 
PowerWerx 

www.powerwerkx.com 

Computerized Battery Analyzer 
West Moimtain Radio 
http://westmotmtainradio.com 



Andre L aMd the^s 

XGameStation 

Dd-lT-YtiURSELr Video Bame #r«TEM 

InsptnBd bythe 
Atari 2600, Apple |l& 
Commodore 641 




INCLUDES: 
•Assembled XGS Mioo EdUm Untti 

• Complete Devek^xnent KiH 

•Tools, Demos & Utilities! 

• eBook on Designing the XGS Consotel 

• Cables and Power Supply tndudedt 




WWW.XBAMESTATIDN.CaM 



USB/ETHERNET DAQ 



$429 




LabJack 
UE9 



Available now 

for only ... 



qty 1 



USB/Ethernet Data 
Acquisitton & Control 



'USB 2,0/1,1 and Ethernet 
' 14 analog inputs (12- to 16-bit) 
' Stream input data up to 50 kHz 
' Use with C. VB, LabVIEW, etc. 
' Includes DAQFactory Express 
' Operates from -40 to -*-85 deg C 



* 2 analog outputs (12-bit) 
' 23 digital I/O 

* Up to 2 counters (32-bit) 

* Up to 6 tuners 
'Approx. 3"x7"x 1" 



LabJack Corporation, Colorado, USA 
info@)a bjack.com, (303) 942-0228 



A 



www.labjack.com 



ADD MASS STORAGE 

T O YOUR DESIGNS 



MASS 

STORAGE 



DESIGNING AND 
PB0G8AMHING 
DEVICES AND 
EMBEDDED HOSES i 



USB Mass Storage 

Designing and Programming 
Devices and Embedded Hosts 

Jan Axelson 



ISBN 1-93144S^3 
Lakeview Research LLC 



$29.95 
www.Lvr.com 



From the author of USB Complete 



www.circuitcellar.coin 



CIRCUIT CELLAR* 



Issue 199 Febniary2007 67 



